This study analyzes the relation between attention-deficit hyperactivity disorder (ADHD) and later-life labor market outcomes in the United States and whether these relationships are mediated by educational attainment. To overcome endogeneity concerns in the estimation of these relationships, we exploit the polygenic risk score (PRS) for ADHD in a cohort where the diagnosis of and treatment for ADHD were generally not available. We find that an increase in the PRS for ADHD reduces the likelihood of employment, individual income, and household wealth. Moreover, it increases the likelihood of receiving social security disability benefits, unemployment or worker compensation, and other governmental transfers. We provide evidence that educational attainment mediates these relationships to a considerable extent (14-58%).
Introduction
Attention-deficit hyperactivity disorder (ADHD) is a neurobehavioral developmental disorder that is characterized by inattention, hyperactivity (restlessness), disruptive behavior, and impulsivity [17] . A recent meta-analysis estimates the population prevalence of ADHD among children in the range of 5.9-7.1% [23] . ADHD symptoms persist in approximately 60-70% of adults [4, 8, 16] . The estimates of productivity and income losses from ADHD in the US were estimated to be between $87 billion and $138 billion per year, which make ADHD a major public health issue [10] .
The impairments in problem solving, planning, and understanding the actions of others have led most ADHD studies to focus on the influence of ADHD on school performance. For example, studies using a sibling fixedeffects model have shown that having ADHD symptoms is negatively associated with test scores and educational attainment [5, 12] . The effect of ADHD on the (youth) labor market outcomes was not known until Fletcher [11] provided evidence in a sample of individuals aged 24-35 that (self-reported) ADHD lowers the likelihood of employment and earnings and increases the likelihood of receiving social assistance. The purpose of the present study is to estimate the effects of ADHD on later-life labor market outcomes.
One of the primary challenges in assessing the relation between ADHD and labor market outcomes is to deal adequately with endogeneity, particularly the measurement error in ADHD and the mutual causality between the manifestation of ADHD symptoms and labor market outcomes. Regarding measurement error, most studies have generally relied on a survey-based dichotomous measure of ADHD diagnoses (yes/no) and the age of ADHD diagnoses [10, 11] . Nevertheless, systematic variations in opportunities for diagnoses available to different cohorts and the filial resources available to cope with ADHD could influence the reporting of ADHD and later-life outcomes.
Studies relying on self-reported ADHD symptoms or diagnoses may also suffer from reverse causality, meaning that labor market experiences may influence the manifestation and reporting of ADHD symptoms. For example, Fletcher [11] draws on retrospective self-reports about whether the respondent was ever told by a doctor, nurse, or other health care provider that the respondent had ADHD. The stratified analysis by Fletcher [11] of those with an early (before age 12) or late ADHD diagnosis (after age 12) shows that those with early diagnosis of ADHD symptoms were driving the results. Within such a design, reverse causality concerns are reduced. However, trailing effects of labor market experiences may still influence the experience of ADHD symptoms. Relatedly, Verheul et al. [22] studies among students how self-reported ADHD symptoms are related to the intention of starting an own business. By drawing on a sample of individuals without experience in the labor market, reverse causality concerns are reduced. However, intentions do not necessarily result in an actual business start-up.
To deal with the above-described endogeneity concerns, we exploit recent advances in unraveling the genetic architecture of ADHD. The heritability of ADHD is in the range of 70-80% [9] , meaning that around three-quarters of the differences between individuals in terms of ADHD can be explained by genetic factors. Demontis et al. [6] show that the heritable liability to ADHD is continuously distributed in the population. The clinical status of ADHD is related to a high value on this liability scale. A recent Genome-Wide Association Study (GWAS) succeeded in finding several individual genetic variants that are related to ADHD [6] . Based on the GWAS results, a polygenic risk score (PRS) for ADHD can be constructed. Stergiakouli et al. [20] and Demontis et al. [6] show that this score is a significant predictor of the clinical ADHD status.
This paper investigates the association between ADHD and later-life labor market outcomes using the PRS for ADHD. The PRS for ADHD materializes at conception, and hence we circumvent the measurement issues around the diagnosis of ADHD as well as issues of reverse causality because labor market outcomes cannot change an individual's value of the PRS for ADHD. Moreover, we draw upon a representative sample of individuals between 50 and 65 years of age (and their spouses) from the Health and Retirement Study, a cohort where the diagnosis of and treatment for ADHD were generally not available. As such, the sample allows for estimations of later-life labor market outcomes that are less biased by time-trends related to diagnoses and treatments of ADHD.
Our approach relates to studies using sibling-fixed effects. However, sibling fixed-effects control for the unmeasured time-invariant genetic and environmental factors. Moreover, sibling fixed-effects do not parse out the relative effects of genes and the environment. With a higher prevalence of ADHD among boys than among girls [23] , sibling fixedeffects for boy-girl sibling pairs could bias the estimation of effects. Hence, the use of the PRS for ADHD is instrumental in lowering estimation bias resulting from time-invariant genetic effects.
Our results are generally in line with the study by Fletcher [11] on the relation between ADHD and early-life labor market outcomes (for those between the ages of 24-35). Our results do also suggest a negative relationship between the PRS for ADHD and employment, income and household wealth. Furthermore, the PRS for ADHD is also positively associated with the likelihood of receiving social security disability benefits, receiving unemployment or worker compensation, and receiving other governmental transfers. As a further contribution, we show that PRS for ADHD is negatively associated with the labor market outcomes through lower educational attainment.
Methods

Sample
To investigate the relation between ADHD and later-life labor market outcomes, we draw upon longitudinal data from the Health and Retirement Study (HRS). The HRS is an ongoing representative panel of Americans aged 50 and over and their spouses. In this study, we use the PRS for ADHD released in April 2018. This PRS for ADHD is based on the GWAS on ADHD by Demontis et al. [6] . We merged the PRS with the HRS data as provided by the RAND Corporation (Version P, 1992-2014) 1 [3] . This file contains harmonized data of all available HRS data-collection waves. Since the HRS samples' individuals aged 50 years or above, we restrict the sample to those aged between 50 and 65 to exclude individuals working beyond the official retirement age in the US. The 50 + restriction is needed, because some of the spouses are younger than 50. Moreover, we restrict the sample to individuals of European ancestry, as recommended by the center responsible for genotyping the HRS participants [21] . Our final sample includes 9033 individuals representing 43,485 individual-year observations with full information on all variables included in the analysis. Table 1 presents descriptive statistics of the analysis sample.
Empirical setup
In line with previous studies on ADHD and labor market outcomes [11, 15] , our primary outcomes are employment (binary indicator whether the respondent is currently working for pay), the logarithm of individual earnings (gross individual income), and the logarithm of total household wealth (net value of total wealth, excluding second home, if applicable). Our secondary outcomes are whether the participant receives governmental assistance in the form of social security disability insurance (binary indicator whether the respondent receives social security disability income), receives unemployment or workers' compensation (binary indicator whether the respondent receives income from unemployment and worker's compensation), and receives other governmental transfers (binary indicator whether the respondent receives income from veterans' benefits, welfare, and food stamps).
Our main explanatory variable is the PRS for ADHD. A PRS is a weighted sum of genetic variants, and the weights are proportional to the estimated effect size of the genetic variant on the outcome of interest in a GWAS [7] . In our case, the weights come from the recent GWAS on ADHD [6] . The score is standardized to have a mean of 0 and standard deviation of 1, to facilitate the interpretation of the effect size estimates. Demontis et al. [6] show that a one standard deviation change in the score is associated with the 26% higher chance of having a clinical ADHD diagnosis. The mediating variable in our study is educational attainment in years of education (0-17 years). Based on the standard practice in genetic studies [18, 19] , we include ten principal components of the genetic relationship matrix to control for subtle population stratification. Population stratification may bias associations between genetic factors (such as a PRS) and an outcome if genetic differences between subpopulations in the sample are related to unobserved factors not accounted for in the model. Rietveld et al. [19] have shown that the inclusion of principal components solves this problem adequately in the HRS. Furthermore, we control for the following contemporaneous factors which may be related to labor market outcomes: sex (0 = male, 1 = female), age (years), marital status (1 = with a partner, 0 = without a partner), number of living children, self-reported health (dummies for 1 = excellent to 5 = poor), whether health limits work (1 = yes, 0 = no), tenure in current occupation (years), and the log of spousal earnings. Consistent with much of the literature examining the associations between health and labor market outcomes, and given the non-time varying measure of the polygenic ADHD score, we use random-effects panel regression. Mediation is assessed using the "difference-in-coefficient" approach [14] . This approach compares the coefficient of the PRS for ADHD in a model with and without the mediating variable. The change in the estimated coefficient for the PRS for ADHD due to the inclusion of the mediating variable indicates to what extent the mediating variable explains the relationship between the PRS for ADHD and the labor market outcomes. The significance of the mediating (indirect) effects is assessed using the method developed by Karlson et al. [13] . 
Results
The results in Table 2 show that, in the full sample (Panel A), the PRS for ADHD is significantly associated with all six labor market outcomes in the model without the mediating variable for educational attainment. 3 We observe that a one standard deviation increase in the PRS for ADHD is associated with a decrease in the likelihood of employment (10.15% lower odds), lower gross individual income (15.80%), and lower household wealth (12.98%). In contrast, an increase in the PRS for ADHD increases the likelihood of receiving social security disability benefits (20.56% higher odds), receiving unemployment or worker compensation (6.72% higher odds), and receiving other governmental transfers (27.38% higher odds). For all outcomes, inclusion of the mediating variable renders the coefficient for the PRS for ADHD closer to zero (Table 3) . Together with the significant regression coefficients for educational attainment, this suggests that educational attainment mediates the relation between the PRS for ADHD and the six labor market outcomes considered. Table 4 (Panel A) provides the estimates of the indirect effect of educational attainment in the relation between the PRS for ADHD and the labor market outcomes in the full sample. The indirect effects equal the effect of the PRS for ADHD on educational attainment multiplied by the effect of educational attainment on the labor market outcome (with some rescaling due to non-linearity in the models with binary outcomes). All six indirect effects are significant (p-values < 0.001) and meaningful in terms of effect size because the percentage of the relationship between the PRS for ADHD and labor market outcomes mediated by educational attainment (the indirect effect as percentage of the direct effect of the PRS for ADHD on the outcomes) ranges from 13.92% (receiving other governmental transfers) to 57.62% (receiving unemployment or worker compensation). We performed additional analyses to assess the robustness of our findings. First, given the higher prevalence of ADHD among males compared to females [23] , there is a concern that the main results are driven by sex-based differences in the labor market outcomes (Table 1) . Therefore, we repeated the analyses in sex-stratified subsamples. The direct effect estimates are available in Table 2 (panels B and C), and the indirect effects' estimates are available in Table 4 (Panels B and C). We observe that the direct effects of the PRS for ADHD on the labor market outcomes are very similar in size across sexes. However, the coefficient for the PRS for ADHD is not significant in the model explaining receiving social security disability benefits for males ( Table 2 , column 4) and in the model explaining receiving unemployment or worker compensation for both females and males (Table 2, column 5). The indirect effect size estimates are also very similar in size and significance between males and females, with the results for receiving other governmental transfers as the exception (Table 4 , column 6). The latter indirect effect is not significant among males, primarily because there is no significant relationship between educational attainment and receiving income from veterans' benefits, welfare, and food stamps (Table 3 , column 6). The difference with the significant result among females may be due to the small but positive relationship between educational attainment and veteran status among males.
Second, although its sampling strategy (individuals aged 50 + and their spouses) makes the HRS an appropriate data set to study later-life labor market outcomes, labor-market decisions at these ages are also intertwined with the decision of when to retire. Therefore, we repeated the analyses in (i) the subsample of individual-wave observations with age below 60, and (ii) the subsample of individual-wave observations with age between 50 and 55. For individuals in these age categories, we expect the decision to retire to be less of a confounding factor in our analyses. The direct effect estimates are available in Table 2 (panels D and E), and the indirect effects estimates are available in Table 4 (Panel D and E). The direct and indirect effects are similar in direction and magnitude compared to the main results, although some direct effects are insignificant due to the reduction in sample Table 3 The relationship between the polygenic risk score (PRS) for ADHD and years of education with labor market outcomes (random effects panel regressions)
Full regression results are available in the "Appendix" (Tables 10, 11 , 12, 13, 14) Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.10 and the principal components as control variables. The results are in line with the main results (see Table 15 in the "Appendix"). In addition, educational attainment in terms of years of education is partly the result of prevailing schooling laws which may have been different across regions and time. To address this issue, we re-estimated the indirect effects in a model with additional control variables for 11 census regions of birth and the interaction between age and census region of birth. The results are in line with the main results (see Table 16 in the "Appendix"). size. Hence, our main results seem not to be conflated by retirement decisions.
Discussion and conclusion
The present study contributes to the emerging stream of literature showing the value of using genetic information to understand the determinants of later-life labor market outcomes [1, 2] . We find evidence that the PRS for ADHD is negatively associated with educational attainment, the odds for employment, income, and earnings, and it is positively associated with receiving social security disability benefits, receiving unemployment or worker compensation, and receiving other governmental transfers. The direction of these associations is similar as in the study by Fletcher [11] among young adults. Mediation analyses further show that for our six outcomes, educational attainment is an important mediating channel explaining 14-58% of the association between the PRS for ADHD and labor market outcomes. These effects are very similar in size among males and females. The present study contributes to an emerging stream of studies incorporating genetic information in micro-economic models [1] . We note two important limitations of our study. First of all, although using the PRS for ADHD helps to overcome reverse causality and measurement issues (as discussed in the introduction), it, however, introduces a secondary type of measurement error. That is, the PRS for ADHD captures the genetic component of ADHD only, while the manifestation of ADHD is also partially dependent on environmental circumstances. Relatedly, the interaction Table 4 The indirect relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes through educational attainment Standard errors in parentheses ***p < 0.01; **p < 0.05; *p < 0.10 of genetic and environmental factors could drive the intensity of ADHD symptoms. Second, as in other studies using a PRS as a predictor of later life outcomes, the explanatory power of PRS score is relatively small. In developing an understanding of practical effect sizes of PRS scores on life outcomes, its relatively low explanatory power must be considered in making inferences. Nevertheless, the present study contributes to the literature by highlighting the negative effect of ADHD on labor market outcomes among individuals for whom treatment for ADHD was generally not available, and the considerable mediating effect through educational attainment in this relationship. These results raise the question of whether it may be worthwhile to genetically screen for ADHD at a very young age. It is one of the promises of "genoeconomics" to identify possibilities for targeted interventions by giving genetic information about children to parents to create a developmental environment that is most likely to cultivate the children's abilities [1] . Testing for one's genetic predisposition for ADHD at a young age may help to plan interventions to improve educational outcomes of those with higher values for the PRS of ADHD. Early stage interventions may help improve the accumulation of human capital and subsequently later-life labor market outcomes. Hence, the negative link between ADHD and educational attainment may possibly be ameliorated because the PRS of ADHD can be measured years before one can formally diagnose ADHD and start with possible treatments.
However, these benefits must be weighted against the disadvantages of genetic screening. First, before one should start with using the PRS for ADHD as a screening instrument, further research on what exactly makes those with a high genetic propensity for ADHD have relatively low educational attainment is needed. Second, the manifestation of ADHD is not solely determined by genes. Hence, a diagnosis of ADHD based on genes only may result in misclassification. Another possible consequence may be that either private insurers would not insure such individuals, thereby increasing burden on the government to cover such costs. Alternatively, those with a genetic predisposition for ADHD may purchase unemployment insurance, which also may not be insured as someone's genetic make-up is not the result of random or qausi-random environmental circumstances beyond someone's control. As such, the burden on governmental programs may increase due the non-insurability of labor market outcomes of individuals with a higher genetic predisposition for ADHD. Clearly, careful ethical consideration of the desirability of genetic screening in the context of ADHD is utmost needed. Table 9 The relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes (random effects panel regressions)
Full regression results for Table 2 (Panel E)
Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.10 Table 10 The relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes (random effects panel regressions)
Full regression results for Table 3 (Panel A) Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.10 Table 11 The relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes (random effects panel regressions)
Full regression results for Table 3 (Panel B) Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.10 Table 12 The relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes (random effects panel regressions)
Full regression results for Table 3 (Panel C) Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.10 Table 15 The indirect relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes through educational attainment (reduced set of control variables)
Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.1 Table 16 The indirect relationship between the polygenic risk score (PRS) for ADHD and labor market outcomes through educational attainment (including control variables for census region of birth and the interaction between age and census region of birth)
Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.10 
